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General discussion

The term cancer is widely used to describe neoplastic growth from all tissues. In essence, 

most tumors are driven by alterations in mechanisms controlling proliferation, death and 

differentiation, justifying a single name for all malignancies. However in the course of 

evolution, numerous ways to control these processes have developed. Different organs tend 

to employ unique combinations of factors and even within one tissue, different cell types 

favor one particular signaling cascade over the other. Furthermore, cells on top of a single 

lineage, like stem or progenitor cells, can have different means of controlling proliferation 

than differentiated descendants. Unfortunately, tumors display a similar broad variety in 

their mutation spectrum, which partially explains why certain therapies effectively eradicate 

some malignancies while others are refractory. Therefore, in addition to studying general 

mechanisms contributing to cancer, the acquisition of tissue specific knowledge is essential 

as well.

This is especially true for the central nervous 
system (CNS), the subject of the research 
described in this thesis, which is remarkably 
dissimilar from other organs. For instance, the 
brain uses glucose as its main source of energy, 
has an unusually composed extracellular space, 
and is highly protected against undesirable 
substances by the blood-brain-barrier (Bellail 
et al., 2004; de Vries et al., 2006; Nehlig and 
Coles, 2007). It is conceivable that such unique 
features are responsible for the particularly 
scant achievements in the treatment of brain 
cancer. 

Chromatin modifications, gene regulation and 
stem cell differentiation
Mutations in cancers are often caused by 
genetic alterations. However, it becomes more 
and more clear that epigenetic changes, such 
as the loss or gain of DNA methylation and 
changes in histone modifications, play a major 
role (Sparmann and van Lohuizen, 2006). The 
Polycomb group (PcG) of proteins that we have 
studied here, provide an example of chromatin 
modifiers implicated in cancer (Valk-Lingbeek 
et al., 2004; Sparmann and van Lohuizen, 2006). 
PcG proteins form multimeric protein clusters 
designated Polycomb repressive complexes 
(PRCs). These complexes act on the promotor 
region of large sets of genes, which they 
mark with trimethylation of Histone H3K27 
(H3K27me3) or ubiquitination of H2AK119 (de 

Napoles et al., 2004; Wang et al., 2004; Boyer et 
al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Pasini et al., 2007; Schwartz and Pirrotta, 2007). 
They used to be exclusively connected with 
silenced chromatin, but we know now that they 
can also be bound to active genes (Bracken et al., 
2006). How PcG recognizes target DNA remains 
elusive, but non-coding RNAs might have a 
pivotal role in this process (Wang et al., 2001; 
Plath et al., 2003; Silva et al., 2003; Hernandez-
Munoz et al., 2005; Rinn et al., 2007). Not much is 
known about PcG regulation. E2F1, Shh, Mel18, 
c-Myc, Cited2 and the NFκB pathway have been 
implied in controlling PcG expression (Kranc 
et al., 2003; Leung et al., 2004; Liu et al., 2006; 
Nowak et al., 2006; Dutton et al., 2007; Guo et 
al., 2007). Additionally, PcG proteins are subject 
to extensive post-translational modification 
such as ubiquitination, sumoylation and 
phosphorylation, presumably finetuning their 
activity (Voncken et al., 1999; Hernandez-
Munoz et al., 2005; Ben Saadon et al., 2006; 
Roscic et al., 2006; Karim Nacerddine, personal 
communication).
Interestingly, PcG proteins are known to be 
vital for embryonic development (Faust et al., 
1998; Donohoe et al., 1999; O’Carroll et al., 
2001; Voncken et al., 2003; Pasini et al., 2004). 
Using genome-wide approaches, the efforts 
of a number of research groups have led to 
the emergence of a picture illustrating how 
changes in chromatin structure orchestrate 
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differentiation. Although not directly related 
to the work presented in this thesis, these 
findings endow us with an important molecular 
framework as to how differentiation is achieved. 
Moreover, they corroborate our previously 
postulated hypothesis that dynamic, epigenetic 
reprogramming by PcG proteins occurs during 
cell differentiation (Chapter 2). Hence, we 
consider it appropriate to discuss them here.
In embryonic stem (ES) cells, all protein coding 
genes seem to experience transcription initiation, 
but elongation only occurs in a few genes 
(Guenther et al., 2007). Though speculative, 
PcG might play a role in preventing complete 
transcription by inhibiting RNA polymerase 
II as is proposed by some groups (Schwartz 
and Pirrotta, 2007). Curiously, genes encoding 
transcription factors required for the execution 
of specific differentiation programs, harbor 
‘bivalent’ chromatin domains (Bernstein et al., 
2006). Bivalent domains have both activating 
(H3K4) and repressive (H3K27) methylation 
marks, which gave rise to the idea that in ES 
cells, these genes are repressed yet ‘poised’ 
for activation (Azuara et al., 2006; Bernstein 
et al., 2006). PcG proteins are likely involved 
as they are preferentially bound to the genes 
coding for these transcription factors (Boyer et 
al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Pasini et al., 2007). During ES cell differentiation, 
there is a general increase in expression of 
PcG targets together with H3K27me3 loss and 
PcG dissociation from the chromatin (Boyer 
et al., 2006; Lee et al., 2006; Pasini et al., 2007). 
Additionally, PcG proteins are actively recruited 
to new genes, or they become more tightly 
associated with genes already bound (Bracken 
et al., 2006; Pasini et al., 2007). These data fit a 
model in which PcG initially represses genes 
that are essential for differentiation, thus safe-
guarding ‘stem cell-ness’. Upon the reception 
of a developmental signal, transcription factors 
appropriate for the requested differentiation 
program are relieved from PcG repression, 
while for instance genes involved in effecting 
alternative fates or stem cell maintenance are 
more vigorously repressed. Thus, it seems that 
at least in not yet terminally differentiated cells, 
PcG-mediated repression is highly dynamic. This 

is further underscored by the recent discovery 
of histone demethylases that can actively 
remove the H3K27me3 PcG mark (Agger et al., 
2007; de Santa et al., 2007; Lan et al., 2007). Of 
note, acute removal of PcG only leads to the 
derepression of a subset of PcG target genes, 
suggesting that a second, more stable silencing 
mechanism coexists (Bracken et al., 2006; Petra 
van der Stoop, personal communication). DNA 
methylation might fulfill this function as PRC2 
components can direct DNA methylases towards 
PcG binding sites (Vire et al., 2006).

PcG proteins Bmi1 and Ring1b control proliferation, 
differentiation and oncogenesis in the brain
In this thesis, we have aimed at specifically 
elucidating the role of two PRC1 members, Bmi1 
and Ring1b, in brain development and cancer. 
In the first two experimental chapters, we 
investigated to which extent Ink4a and Arf, the 
most well described PcG targets in mammals 
(Jacobs et al., 1999a), function downstream of 
PcG (Chapters 4 and 5). Derepression of both 
Ink4a and Arf occurs in all Bmi1 or Ring1b null 
systems analyzed. However, we conclude that 
whereas repression of Arf by Bmi1 is generically 
required to sustain normal proliferation levels, 
the contribution of Ink4a repression to cell 
proliferation is restricted to certain cell types. 
Ink4a/Arf derepression can affect differentiation 
capacity as illustrated by the restoration of the 
relative frequency of mature B cell populations 
in the Bmi1-/-;Ink4a/Arf-/- spleen (Chapter 4). 
Nevertheless, the majority of Bmi1 deficient 
phenotypes related to developmental defects, 
such as thymocyte maturation, skeletal 
malformations, cerebellar neurogenesis, 
neurological abnormalities and overall growth 
retardation, are not rescued by Ink4a/Arf 
deletion. This suggests that PcG targets other 
than Ink4a/Arf significantly contribute to normal 
development and, possibly, to cancer. There is 
no doubt that excessive Ink4a/Arf repression 
by Bmi1 contributes to tumorigenesis (Jacobs 
et al., 1999b). However, the question whether 
other Bmi1 targets contribute to tumorigenesis 
as well, has not previously been addressed. 
In Chapter 6, we demonstrate that glial cells 
lacking both Bmi1 and Ink4a/Arf are still impaired 
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in tumor development confirming the premise. 
Using large scale expression studies, we found 
that disturbed signaling in pathways involved 
in proliferation, differentiation and migration 
contribute to the altered tumor growth in the 
absence of Bmi1. In our final experimental 
chapter (Chapter 7), we describe some of the 
players involved in the increased adhesion of 
Bmi1-/-;Ink4a/Arf-/- neural stem cells.
Altogether, these main findings can be fitted 
into a model in which PcG controls development 
and cancer in several ways (Figure 1). One 
branch downstream of PcG consists of direct 
modulation of proliferation and cell death via the 
Ink4a and Arf genes. The other branch involves 
one or more as yet unidentified mechanisms, 
presumably affecting both differentiation and 
adhesion. In the following part of the general 
discussion, we will discuss the roles of the 

(putative) players of these different branches 
based on information from the literature and 
our preliminary, unpublished observations. 
From the fact that we found so many genes 
affected by PcG absence (over a thousand in our 
various expression arrays, see Chapters 6 and 
7), we conclude that the majority of them must 
be indirect targets. In line with this, we propose 
that PcG activity creates a ‘snowball effect’: PcG 
primarily regulates developmental transcription 
factors, which in turn control the expression 
of effector genes (Figure 1). These latter genes 
will ultimately establish the physical changes 
associated with differentiation and adhesion. For 
the sake of clarity, we will treat PcG-controlled 
differentiation and adhesion as independent 
phenomena; however it is completely feasible 
that there is extensive crosstalk.      

Figure 1. PcG controls development and cancer in multiple ways.

In this model, PcG proteins regulate processes contributing to development and cancer through different routes. 
There is direct enhancement of proliferation by inhibiting expression of the Ink4a/Arf and possibly, Ink4b genes (left 
branch). But PcG is also involved in governing differentiation and adhesion-related processes, and there may be other 
unidentified PcG functions (right branch). In this branch, PcG activity creates a ‘snowball’ effect: PcG only binds directly 
to developmental transcription factors, which in turn regulate effector genes that ultimately establish changes in 
differentiation and adhesion. Genes implicated in these events are Engrailed, Notch, Shh, TGF-β, Cdkn1c (p57Kip2), and 
genes coding for ECM molecules. Dashed arrows indicate potential interactions.   
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PcG and proliferation

Bmi1, Mel18, Cbx7 and Cbx8 all exert repressive 
activity towards the Ink4a/Arf locus (Jacobs et 
al., 1999a; Gil et al., 2004; Dietrich et al., 2007). 
Recently, a longstanding issue was resolved as 
it was shown that PcG binding to the Ink4a/Arf 
locus is direct (Bracken et al., 2007; Dietrich et al., 
2007). Curiously, not only PRC1 proteins Bmi1, 
Cbx8 and H3K27me3 were stretched out over 
the entire locus, but also PRC2 proteins Suz12 
and Ezh2, the latter robustly implicated in cancer 
(Sparmann and van Lohuizen, 2006; Bracken et 
al., 2007). Whereas Ezh2 has not previously been 
associated with Ink4a/Arf regulation, it was 
quite remarkable that fibroblasts on the verge 
of senescence strongly decrease Ezh2 levels, 
followed by a reduction in H3K27me3 and Bmi1 
binding to the locus. But unlike Bmi1, ectopically 
expressed EzH2 was not recruited to Ink4a/Arf, 
suggesting a complex interplay between the 
different PcG proteins in binding and silencing. 
Interestingly in the promotor region of the Ink4b 
gene, which lies upstream from Ink4a/Arf, a highly 
conserved genetic element has been identified 
that under the influence of a Cdc6 containing 
protein complex recruits histone deacetylases 
and induces heterochromatinization of the 
entire Ink4b-Ink4a/Arf locus (Gonzalez et al., 
2006). Notably in some cells, PcG proteins 
cover not only the Ink4a/Arf locus, but also 
the Ink4b gene (Bracken et al., 2007). It would 
be interesting to see if PcG is involved in this 
heterochromatinization, and consequently if 
PcG controls Ink4b expression. As described in 
Chapter 6, Bmi1-/-;Ink4a/Arf-/- astrocytes (but not 
neural stem cells) have a reduced proliferative 
capacity. Derepression of Ink4b could account 
for this phenotype, especially as it was shown 
that Ink4b can compensate for the absence of 
Ink4a (Krimpenfort et al., 2007). However, we 
have never detected an increase in Ink4b protein 
or mRNA in the absence of Bmi1, suggesting this 
not to be the case (unpublished results). We did 
notice an increase in the mRNA and protein 
levels of p57Kip2 (Cdkn1c), a member of the Cip/
Kip family of cyclin dependent kinase inhibitors 
(CKIs), but have not yet investigated its impact 
on astrocyte proliferation (unpublished and 

see below). Another candidate for curtailing 
proliferation in a Bmi1 deficient background is 
E4f1. E4f1 directly binds to Bmi1 and its genetic 
deletion can partially rescue the clonogenic and 
repopulating capacity of Bmi1-/- hematopoietic 
progenitors (Chagraoui et al., 2006). This 
possibility awaits further testing.
An outstanding question is why Bmi1-mediated 
Arf repression is generically required for cell 
proliferation, whereas Ink4a repression is only 
essential for specific cell types. One possibility 
is that Ink4a activity is more tightly controlled 
than Arf. For instance, putative Ink4a inhibitors 
regulate its activity independently from Bmi1. 
Another plausible explanation is variation 
in Ink4a targets in different cell types. Ink4 
proteins prevent phosphorylation of the pocket 
proteins pRb, p107 and p130 by inhibiting 
CyclinD/CDK4-6 complexes (Chapters 1-3). The 
pocket proteins in turn bind and inhibit the 
E2F transcription factors. However, the affinity 
of the pocket proteins towards the various 
E2Fs varies (Galderisi et al., 2006; Skapek et al., 
2006). Consequently, the combination of pocket 
proteins and E2Fs available in cells, might 
limit their reaction to alterations in mitogenic 
signaling, and hence their responsiveness to 
Ink4a accumulation.    

PcG function in development and 

differentiation

Sonic hedgehog and Engrailed in cerebellar 
development
The cerebellum provides one example of 
a tissue that depends on PcG function for 
development. Both in the Bmi1 and Ring1b 
deficient cerebellum, abnormalities are found 
though they are different in nature. In the case 
of Bmi1 deletion, most striking are a void of 
neurons and improper arborization of dendrites 
in the molecular layer (Chapter 4). The Ring1b 
null cerebellum is characterized by the lack of 
an anterior fissure resulting in the fusion of two 
lobules (Chapter 5). Unfortunately, not much is 
known about the development of non-granule 
cerebellar neurons. Usually, their differentiation 
and arborization is said to depend on granule 
neuron expansion, which is regulated by Sonic 
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hedgehog (Shh) secreted from the Purkinje 
neurons (Dahmane and Altaba, 1999; Wechsler-
Reya and Scott, 1999). Cerebellar foliation 
is also critically controlled by Shh signaling 
(Dahmane and Altaba, 1999; Wallace, 1999; 
Wechsler-Reya and Scott, 1999; Corrales et al., 
2004; Lewis et al., 2004; Corrales et al., 2006). 
For the Bmi1 null cerebellum, it has already 
been shown that there is a reduction in Shh 
responsiveness (Leung et al., 2004). Based on 
in vitro observations, we concluded that Bmi1-
mediated Ink4a/Arf repression is responsible 
for this phenotype. However, it would be 
informative to investigate both in the Bmi1 and 
Ring1b cerebellum, whether in vivo Shh activity 
is impaired. This could be done by assessing Gli1 
expression (Corrales et al., 2004). Intriguingly, 
both in Bmi1 and Ring1b deficient brain and 
neural stem cells, we find elevated mRNA and 
protein levels of Engrailed-1 and -2 (En-1 and 
En-2) and this could be related to Shh signaling 
(Chapter 5 and unpublished results). Engrailed 
has long been believed to act as an intracellular 
transcriptional repressor, however recent 
evidence suggests that the protein can also be 
secreted and function as a signaling molecule 
in axon guidance (Joliot et al., 1998; Maizel 
et al., 1999; Brunet et al., 2005). Enhancing or 
disrupting mutations in the Engrailed genes have 
been implicated in defective foliation, aberrant 
mossy fiber projection, and stunted arborization 
of Purkinje neurons, thus resembling some 
aspects of the phenotypes we observed (Millen 
et al., 1994; Kuemerle et al., 1997; Baader et al., 
1998; Baader et al., 1999; Bilovocky et al., 2003). 
In the fruit fly, a wealth of data implicates PcG 
in the regulation of both Engrailed (En) and 
Hedgehog (Hh) during larval development 
(Maschat et al., 1998; Randsholt et al., 2000; 
Chanas et al., 2004; Chanas and Maschat, 2005). 
Dependent on position, PcG gene Polyhomeotic 
(Ph) represses En, Hh and Cubitus interruptus 
(Ci, a Gli homologue). Additionally, a feedback 
mechanism is present as En, which also represses 
Ci, induces PcG expression. Altogether, it would 
be worthwhile to investigate if a similar network 
exists in mammals, as it might explain part of 
the cerebellar PcG phenotypes.      

Notch signaling and p57Kip2 in differentiation
In the absence of Bmi1, alterations in fate 
choice have been reported in a number of 
different systems. In chapter 6, we showed that 
the production of neuronal cells from Bmi1-/-

;Ink4a/Arf-/- astrocytes or neural stem cells in 
culture was attenuated, in line with the earlier 
finding that Bmi1-/-;Ink4a/Arf+/+ neurospheres 
do not efficiently generate neurons (Zencak 
et al., 2005, Chapter 6). Also, neuroblastoma 
tumor cells devoid of Bmi1 are affected in their 
neurogenic capacity (Cui et al., 2006; Cui et 
al., 2007). Moreover, we found in our glioma 
model that in the absence of Bmi1 and Ink4a/
Arf, tumors display reduced differentiation 
capacity (Chapter 6). Notably, such alterations 
in differentiation are not unique to the brain, 
since Bmi1-/-;Ink4a/Arf-/- mammary cells undergo 
precocious differentiation in transplantation 
assays (Alexandra Pietersen and M.v.L., 
submitted). We have performed a number of 
genome-wide expression studies as well as 
candidate approaches that provided us with a 
list of genes deregulated in the absence of Bmi1 
(Chapter 7). Based on the literature, a subset of 
these genes might be involved in fate choice 
decisions. The decision to adopt a neuronal fate 
is in part controlled by Notch lateral inhibition 
(Mehler, 2002; Guillemot, 2005; Guillemot et al., 
2006; Miller and Gauthier, 2007, see also Chapter 
1). Temporally restricted, Notch signaling either 
promotes stem cell self-renewal or gliogenic 
fate. The latter process is regulated in concert 
with BMP and cytokine signaling. Interestingly, 
it was recently shown that the presence of a 
single Notch co-factor, CBF1, determines the 
difference between stem cell or early progenitor 
fate (Mizutani et al., 2007). But it is believed that 
the asymmetric segregation of Notch inhibitor 
Numb to the committed progenitor cell finalizes 
Notch signaling, creating an opportunity for 
neuronal differentiation. Notch is a membrane 
bound receptor that is intracellularly cleaved 
upon ligand binding (Miller and Gauthier, 
2007). The cleaved fragment translocates to the 
nucleus and induces expression of the Hes family 
of basic helix-loop-helix (bHLH) transcription 
factors. Hes-related bHLHs negatively control the 
expression of a number of genes, among which 
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the proneural bHLHs: Neurogenin-1 (Ngn-1), 
Ngn-2, and Mash1 (Guillemot et al., 2006). These 
proneural genes in turn stimulate neuronal 
differentiation together with various genes that 
belong to the group of transcription factors 
directly bound by PcG in ES cells, such as Pax6, 
Emx2, Tbr1 and 2, and Dlx (Boyer et al., 2006; 
Guillemot et al., 2006; Lee et al., 2006). When we 
induced neural stem cells to differentiate, we 
noticed that Bmi1-/-;Ink4a/Arf-/- cells had lower 
levels of Mash-1, Neurogenin-2, Olig2 and Dlx2 
mRNA, whereas Hes5 was induced in accordance 
with a paucity of newly formed neurons (Chapter 
6 and unpublished results). Though still highly 
speculative, this could suggest that Bmi1 is 
required for proper Notch signaling.
Another fascinating Bmi1 target that is also 
controlled by Notch signaling, is the before 
mentioned cell cycle inhibitor p57Kip2. p57Kip2 is 
a paternally imprinted gene associated with 
the Beckwith-Wiedemann syndrome in humans 
(Hatada and Mukai, 1995). Overexpression forces 
a G1 arrest through inhibition of the cyclin-
dependent kinases (Lee et al., 1995; Matsuoka 
et al., 1995). The expression pattern of p57Kip2 
suggests a role in terminal differentiation during 
embryonic development, possibly through its 
unique non-CDK binding domains (Reynaud et 
al., 2000). Indeed, deletion of the maternal allele 
leads to perinatal death in association with 
severe developmental defects (Yan et al., 1997; 
Zhang et al., 1997). Some of the p57Kip2 knockout 
phenotypes closely resemble pRb deletion, 
whereas other abnormalities are more alike 
defects in the p107/p130 double null mouse. Of 
note, one phenotype occurs in the amacrine cell 
populations of the retina where Bmi1 deficiency 
also causes abnormalities (Dyer and Cepko, 2000; 
Yvan Arsenijevic and Dusan Zencak, personal 
communication). In several neural cell types, E 
proteins, the obligate activating binding partners 
of the proneural bHLH transcription factors, 
were shown to induce p57Kip2 evoking cell cycle 
arrest (Rothschild et al., 2006). Both in the eye 
lens and in the pancreas, Hes-like transcription 
factors downstream of Notch signaling were 
shown to inhibit p57Kip2 expression, which is 
in agreement with a putative role for Bmi1 in 
negatively controlling Notch signaling (Georgia 

et al., 2006; Jia et al., 2007). Moreover, removal of 
Hes repression induced depletion of progenitor 
pools and precocious differentiation in both 
organs, the latter phenomenon consistent with 
the phenotype of the Bmi1 null mammary gland 
(Alexandra Pietersen and M.v.L., submitted). 
There are even a few reports implicating 
p57Kip2 in neuronal migration, possibly through 
modulation of the Actin cytoskeleton (Yokoo 
et al., 2003; Sakai et al., 2004). Resuming, p57Kip2 

and bHLH transcription factor misexpression 
downstream of Notch could explain the 
differentiation defects observed in the absence 
of Bmi1. This cascade would then constitute the 
main element of the ‘differentiation branch’ of 
PcG signaling (Figure 1).

PcG, matrix adhesion and TGF-β signaling

Another interesting and novel PcG function is 
control of cell adhesion, constituting another 
signaling branch downstream of PcG (Figure 1). 
Set off by clues from the expression array studies 
indicating that altered migration pathways are 
causative to diminished tumor growth from 
Bmi1 deficient cells (Chapter 6), we established 
that Bmi1-/-;Ink4a/Arf-/- neural stem cells (NSCs) 
strongly adhere to the extracellular matrix 
(ECM)(Chapter 7). Cell-matrix interactions are 
usually mediated by Integrin receptors and so 
is the adhesion of Bmi1 null cells (Humphries et 
al., 2004, Chapter 7). Ligated Integrins conduct 
signals to small Rho-like GTPases, ultimately 
regulating the assembly and breakdown of 
focal complexes and adhesions, in collaboration 
with a vast platform of molecules designated 
the adhesome (DeMali et al., 2003; Burridge 
and Wennerberg, 2004; Zaidel-Bar et al., 2007). 
Theoretically, deregulation of each of these 
components could be underlying the enhanced 
NSC adhesion, but instead an increase in 
ECM molecule secretion turned out to be the 
culprit (Chapter 7). It is of particular interest 
to understand how this is brought about as it 
potentially has a large impact on development. 
For instance, ECM molecules partially govern 
the stem cell niche and they can tether growth 
factors (Massague, 1998; Whetton and Graham, 
1999; Blaess et al., 2004; Fuchs et al., 2004; Garcion 
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et al., 2004; Murphy et al., 2005; Zacchigna et al., 
2006). Further, ECM molecules act as substrates 
for cell migration. Thus, ECM misexpression 
could impede any of these processes.
Until so far, our attempts to disclose the identity 
of the matrix molecule(s) secreted by Bmi1 
deficient cells using mass-spectrometry have 
failed. A combination of genome-wide and 
pathway focused expression arrays was more 
successful and provided a number of candidate 
genes that were induced at the mRNA level. 
The majority of them are involved in Collagen 
metabolism (Col3a1, Col4a1, Col4a2, Col5a2, 
Pcolce, Emilin1, Itga1, see also Chapter 7). 
Accordingly, a recent publication described that 
removal of Bmi1 from medulloblastoma cell lines 
leads to increased Collagen levels in xenografts 
(Wiederschain et al., 2007). This could be cell 
type specific as increased Col3a1 expression 
can be found in Bmi1-/- hematopoietic cells but 
not in embryonic fibroblasts (Park et al., 2003, 
our unpublished results). Deposition of matrix 
and Collagens is mainly controlled by TGF-β 
(Transforming growth factor beta) signaling 
(Verrecchia et al., 2006). Excessive amounts of 
Laminin and Fibronectin can be found in brain 
overexpressing TGF-β, whereas TGF-β-/- mice 
have reduced matrix deposition in the brain 
(Wyss-Coray et al., 1995; Brionne et al., 2003). 
Intriguingly, a substantial part of our list of 
candidate genes (which includes p57Kip2) has been 
demonstrated to be TGF-β targets, suggestive of 
a link between TGF-β and Bmi1 signaling (Heino 
et al., 1989; Kagami et al., 1999; Scandura et al., 
2004; Verrecchia et al., 2006). If this is true, our 
data favors a model in which Bmi1 dampens 
the response to TGF-β signaling. Corroborating 
this idea, recent binding and expression studies 
indicated a role for PcG in TGF-β signaling (Lee 
et al., 2006; Bracken et al., 2006; Petra van der 
Stoop, personal communication). Moreover, 
administration of TGF-β to control Ink4a/Arf-/- 
NSCs induced the expression of some of the 
target genes that we tested (Col5a2, Emilin1, 
Itga1), as well as phosphorylation of the Smad2 
protein demonstrating NSCs to be TGF-β 
responsive. However, these cells did not adopt 
an adherent growth mode (unpublished results). 
This could be explained by the fact that we only 

added one specific form of TGF-β to these cells. 
The TGF-β super family consists of many related 
cytokines among which BMPs, hence we might 
have used an unsuitable family member (Aigner 
and Bogdahn, 2007). Interestingly, Emilin1 
can sequester TGF-β in the extracellular space, 
forming a feedback loop between PcG and 
TGF-β (Zacchigna et al., 2006). All in all, it seems 
meaningful to further explore the PcG and TGF-β 
connection.   

Implications for brain cancer

Differentiation and gliomagenesis
Obviously, the key question is if and how these 
PcG activities impact on cancer development 
(Figure 1). As said, it is not difficult to imagine 
that the pro-proliferative effect exerted by PcG 
is beneficial to neoplastic growth. But to get 
a handle on how the PcG differentiation and 
migration branches may be involved, we need 
to understand some basic features of glioma 
biology (see also Chapter 1). In humans, high 
grade gliomas can be subdivided into two 
groups. One type of glioblastoma (GBM) occurs 
in relatively young adults and usually derives 
from a preexisting lower grade tumor. This type 
of GBM is referred to as secondary GBM and is 
frequently associated with early mutations in 
p53 followed by loss of PTEN, RB and several 
mutated cell cycle components (von Deimling et 
al., 1995). The other type predominantly affects 
older people and develops without clinical 
evidence for a precursor lesion and is therefore 
called primary GBM. This latter form of brain 
cancer is associated with mutations in the EGF 
signaling pathway in combination with INK4A/
ARF and PTEN loss. Modeling glioma in mice has 
revealed that whereas mutations in receptor 
tyrosine kinase (RTK) signaling alone are not 
sufficient to drive gliomagenesis, simultaneous 
deletion of a tumor suppressor locus such as 
Ink4a/Arf gives rise to full blown GBM (Holland 
et al., 1998; Holland and Varmus, 1998; Holland, 
2001; Bachoo et al., 2002). The essential signaling 
pathways mediating this are the Ras and PI3K 
cascades (Holland et al., 2000).
Of note, histologically primary and secondary 
GBM are indistinguishable. As argued in the 
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first part of the general discussion, different 
(sub)types of tumors display different genetic 
alterations undermining the effective use of a 
single treatment. GBM may exemplify this as, 
although both tumor classes almost invariably 
cause death of the patient, secondary GBM 
has a better prognosis in terms of survival time 
(von Deimling et al., 1995). It is conceivable that 
this discrepancy originates from a different cell 
of origin with a unique sensitivity to certain 
signaling. Substantiating this thought is the 
finding that the specific delivery of ‘oncogenic 
hits’ to either Nestin or GFAP positive cells does 
not give rise to identical tumors (Dai et al., 2001). 
This is one aspect of tumor biology in which we 
suspect PcG proteins to fulfill a fundamental 
part. One current feasible hypothesis is that 
differentiated cells are differentially resistant 
against oncogenic transformation than 
progenitor or stem cells (Dai and Holland, 
2003). This idea is based on the presumption 
that terminally differentiated cells have a more 
stably ‘locked’ and less versatile gene expression 
program than progenitors, corroborated by the 
new data on how the ES cell genome orchestrates 
differentiation (Azuara et al., 2006; Bernstein et 
al., 2006). Since PcG proteins are almost certainly 
involved in this epigenetic reprogramming of 
cells (Boyer et al., 2006; Lee et al., 2006, see also 
Chapter 2), their (mis)expression potentially 
enhances a cell’s susceptibility to transform 
or even dedifferentiate under the influence of 
oncogenic signaling (Dai et al., 2001; Bachoo et 
al., 2002). Thus, we debate that the differentiation 
phenotypes of the Bmi1 mutant are illustrative 
of a broader role for PcG-mediated safekeeping 
of cell identity, and that irregularities in this 
process alter protection against oncogenic 
transformation.        
Notably, the precise nature of the in vivo cell of 
origin for GBM is part of a completely different 
discussion. While theoretically, differentiated 
astrocytes as well as glial progenitor or even 
stem cells can be at the root of the tumor, 
emerging evidence suggests that subventricular 
zone (SVZ) progenitors are the most plausible 
candidates (Sanai et al., 2005; Zhu et al., 2005). 
This is in line with observations that infusion 
of growth factors into the brain or ventricles 

preferentially induces cells in the SVZ region 
to hyperproliferate (Kuhn et al., 1997; Tropepe 
et al., 1997; Gage, 2000; Bachoo et al., 2002; 
Doetsch et al., 2002; Jackson et al., 2006).

Adhesion and gliomagenesis
SVZ progenitors share a number of characteristics 
with glioma cells (Sanai et al., 2005; Quinones-
Hinojosa and Chaichana, 2007). They both have 
a robust proliferative potential, generate diverse 
progeny, exhibit an immature phenotype, 
respond to similar developmental signaling 
pathways and are associated with the basal 
lamina and blood vessels. This supports the idea 
that they act as cell of origin for glioma, since 
they simply provide the path of least resistance. 
Of relevance for PcG function, another shared 
feature is a remarkable mobility. SVZ progenitors 
migrate over long distances towards the 
olfactory bulb and glioma cells have been 
reported to migrate as far as seven centimeters 
away from the primary tumor. Furthermore, SVZ 
progenitors will migrate widely into the cortex 
in response to damage inflicted on the brain 
(Fallon et al., 2000; Nakatomi et al., 2002; Goings 
et al., 2004; Macas et al., 2006). It is not known 
whether a common substrate is used.
Gliomas are different from most other tumors 
in that they are extremely infiltrative, a trait 
often already evident in lower grade tumors. 
This is the main reason that surgical resection 
almost invariably leads to recurrence of the 
disease (Lefranc et al., 2005). They display a 
strong preference for migration along the blood 
vessel basement membranes and white matter 
tracts. Curiously, glioma cells seldom breach the 
basal laminae and therefore rarely metastasize 
outside the nervous system. Like the normal 
brain ECM, glioma cells secrete their own unique 
array of matrix molecules (Gladson, 1999; Bellail 
et al., 2004; Lefranc et al., 2005). Among these 
are several glucosaminoglycans, proteoglycans, 
Hyaluronan, Tenascin, Sparc, Osteopontin and 
Vitronectin. Expression of Tenascin, Vitronectin 
and Osteopontin correlates with malignancy. 
In some tumors, half of the total volume is 
constituted by ECM underscoring its significance 
to tumor burden (Zamecnik, 2005). In vitro 
studies have confirmed that glioma cells use a 
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number of these molecules for migration.
It is tempting to speculate that PcG proteins are 
involved in tumor matrix remodeling. If this would 
be the case, then the increase in ECM deposition 
and concomitant Integrin-mediated adhesion 
that we observed in the absence of Bmi1, might 
interfere with glioma cell migration (Chapter 7). 
This is corroborated by the correlation between 
reduced xenograft growth and increased 
Collagen deposition by medulloblastoma cells 
deprived of Bmi1 (Wiederschain et al., 2007). 
Interestingly, Integrins have been implicated 
in glioma development as well (Gladson, 1999; 
Uhm et al., 1999; Zamecnik, 2005). Altogether, 
it would be worthwhile to test if the PcG-ECM-
gliomagenesis connection is genuine, for 
instance by intervening with Beta-1 Integrin 
signaling or reducing the amount of secreted 
matrix.

It is evident that the potential contribution 
of PcG proteins to neoplastic development is 
far more diverse than currently appreciated. 
As we favor a model in which PcG enhances 
tumor growth via modulation of mechanisms 
involved in adhesion and differentiation, in 
addition to directly stimulating proliferation, it 
seems worthwhile to continue looking beyond 
Ink4a/Arf as the main PcG target. This will 
unquestionably increase our understanding of 
PcG function in development and cancer.
Unfortunately, little progress in glioma treatment 
has been made over the past decade and we 
seem far away from significantly improving 
the prognosis of glioma patients in the nearby 
future (de Vries et al., 2006). It may not be a 
straightforward task to target PcG activity in 
these tumors. However, a recent study provided 
a bit of hope that chemical inhibition of PcG 
activity could actually be an option (Tan et al., 
2007). Furthermore, the fact that at least two 
PcG proteins exhibit enzymatic activity towards 
histones in combination with the identification 
of the respective counteracting enzymes 
(see above; Nicassio et al., 2007), might offer 
additional opportunities for eventual chemical 
interference with PcG activity in cancer.   
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